Decay studies on 151 Ce have been performed using the on-line isotope separator connected to the Kyoto University Reactor. In addition to conventional γ and conversion electron spectroscopy, β-gated measurements were carried out on massseparated 151 Ce to identify an isomeric transition. From the analysis of the obtained data, the half-life of the isotope was ascertained to be 1.76(6) s and a decay scheme containing six excited levels was constructed for the first time. The excited level at 35.1 keV in 151 Pr was found to be a long-lived state (a half-life of approximately 10 µs or longer).
Introduction
Decay schemes are one of the most important information in fields of nuclear science and its applications. Many efforts, including the development of instruments and experimental techniques, have been devoted to construct decay schemes. However, our knowledge on nuclei far from stability is still left in an unsatisfied situation. The main reasons are experimental difficulties in preparing the sources and measuring them efficiently. For example, a considerable amount of data is available for the decay of Ce isotopes with a mass number A ≤ 149 [1] . In contrast to them, experimental data on heavier isotopes are scarce. In particular, for the first run, γ rays were measured in an energy range of 0-2000 keV. These experiments revealed that a spectrum in a low-energy region was complex.
Therefore, in the second run, the energy region was changed to 0-1000 keV in order to obtain comprehensive data for low-energy γ rays. The following detectors were used in these measurements: a 30% n-type HPGe detector (ORTEC GAMMA-X) and a short coaxial detector (ORTEC LO-AX, crystal diameter: 51 mm, thickness: 20 mm). The energy resolution (FWHM) of the GAMMA-X was 2.2 keV at 1332 keV, and that of the LO-AX was 800 eV at 122 keV. The source-to-detector distance was 10 mm for both detectors.
Energy and efficiency calibrations were performed using standard 60 Co,
133
Ba,
137
Cs and
152
Eu γ-ray sources. Coincidence summing effects were considered for determining the full-energy peak efficiency. The uncertainty of the detection efficiency was estimated to be less than 10%.
In order to determine the half-life, γ-ray singles spectra were recorded in a multispectrum mode by using 16 × 4096 channel pulse height analyzers, in which a 3.2-s counting time was divided into sixteen 0.2-s intervals. The γ-γ coincidence data were recorded in an event-by-event mode. Approximately 2.0 × 10 6 and 3.2 × 10 7 events were accumulated during the measurement periods of 56 h and 127 h in the first and second runs, respectively.
Conversion electron spectroscopy
Internal conversion electrons were measured using a 500-mm 2 -area and 5-mmthick Si(Li) detector (third run). The
151
Ce source was periodically prepared in time intervals of 3.5 s and positioned 15 mm from the Si(Li) detector surface.
The energy and efficiency calibrations were performed using mass-separated La. The energy resolution of the detector was 1.7 keV for a 218-keV electron peak. In order to determine the internal conversion coefficients and obtain the cascade relations, the γ-ray spectra were simultaneously measured by the 30% GAMMA-X detector in singles and electron-γ coincidence modes. The distance between the source and the HPGe detector window was 15 mm.
Approximately 5.9 × 10 7 events were detected over a period of 77 h. A more detailed description of this setup is provided in our previous paper [6] .
Beta-gated gamma and electron spectroscopy
Electron and γ-ray singles, β-gated electron and γ-ray singles, and electron-γ coincidence measurements were performed over a period of 38 h in an independent run (fourth run). The aim of this experiment was to obtain information on long-lived excited states. Details of this detection system are as follows.
The Si(Li), LO-AX and a 1-mm-thick plastic scintillation detector (80 mm × 90 mm) were installed at the measuring position in a close geometry, as shown in Fig. 1 . The first two of them were same to the detectors described above and the third one was used to measure β rays. The plastic scintillator was covered by a 0.2-mm-thick aluminum foil to absorb low-energy electrons such as internal conversion electrons. The thickness of 0.2 mm corresponds to a range for 0.2-MeV electrons. The scintillator was installed into the vacuum chamber and mounted at approximately 2 mm from the source position.
In order to evaluate the performance of this system, we introduced a β-gate efficiency, which was defined as the ratio between the peak count observed in the β-gated spectrum to that in the singles. The β-gate efficiency was experimentally obtained by using the transitions from mass-separated Y. They agree with the values for the γ detection system well. From what has been described above, we concluded that this detection system was sufficiently capable of determining whether a γ transition of interest is associated with a long-lived isomeric state. Here, "long life" implies half-life T 1/2 10 µs because the time range of the time-to-amplitude converters employed was set to 2 µs and the gate period of our coincidence system was 5 µs.
Results

Gamma ray
For the mass fraction A = 151 + 16, some γ rays with a half-life of approximately 2 s were newly observed together with those from Ce. This is because their half-life of ∼ 2 s is considerably shorter than that of other neutron-rich isobars with A = 151 and no contaminations due to the neighboring masses were observed. In order to explicitly confirm the origin, γ-X and γ-γ coincidence relations were investigated using the list data obtained in the first and second runs. As shown in Table 1 , most of the γ rays were coincident with the Pr KX rays. In addition, from the analysis of the data from the fourth run, we found that all γ rays except for the 35.1-keV one were coincident with β rays; The details will be described in section 3.3. The 363.7-and 597.9-keV γ rays were not coincident with any X rays. However, they were in cascade with the 39-keV line, which was coincident with the Pr KX rays. Also, no coincidence relations were observed for the 35.1-and 636.8-keV γ rays. These γ rays, however, decayed with a half-life of ∼ 1.8 s and 1.71(13) s, respectively.
They were consistent with the half-life value of 1.77(7) s deduced from other peaks. Therefore, we concluded that the eleven γ rays shown in Table 1 The γ-ray intensities relative to the 636.8-keV peak were mainly obtained using the singles data. The 35.1-, 38.9-, and 597.9-keV γ rays were doublets with a γ or X ray. Thus, their intensities were evaluated by the following analysis.
The 35.1-keV peak was a doublet of The time-dependent peak counts were fitted by a three-component function: two of the functions are exponential and correspond to the decay of Ce and Pr, and third one corresponds to the growth-and-decay component of the Pr γ ray. In this analysis, the half-life values for Ce and Pr were fixed at 1.76 s and 18.9 s, respectively. From the least square fitting, the intensity ratio R was found to be 43(2)%, which is consistent with the value obtained by the first method. Therefore, the 35.1-keV Ce peak intensity relative to that of the 636.8-keV γ ray was evaluated to be 450(73) by averaging the values obtained by the two methods. At this point, it should be noted that an additional analysis was performed to confirm the validity of our assumption that the half-life of the 35.1-keV Ce peak is 1.76 s. In order to verify this assumption, a decay curve containing only the 35.1-keV Ce γ ray was constructed after subtracting the 35.2-keV Pr γ-ray counts. Here, the Pr contributions were evaluated using the 22.5-keV γ-ray counts, as described above. The decay curve was well represented by a single-component exponential function (Fig. 4(b) ), after which a half-life value of 1.79(25) s was obtained. Therefore, we concluded that the 35.1-keV Ce peak decayed with the adopted half-life value of 1.76 s. In other words, the excited state emitting the 35.1-keV γ ray has a considerably shorter half-life than that of 151 Ce (1.76 s). The discussion to be given in section 3.3 will refer to these results.
The 38.9-keV γ ray is a doublet with the Pm K α X ray. The K α X-ray count was evaluated from the experimentally observed Pm K β2 X-ray count, the intensity ratio K α /K β2 of 24.4(6) [1] , and their detection efficiencies. After subtracting the X-ray count, the relative intensity of the 38.9-keV γ ray was evaluated to be 146(35).
The 597.9-keV Ce γ ray is a doublet with the 599.1-keV Pr γ transition.
Because the 598-keV Ce γ ray was coincident with the 39-keV γ ray, the relative intensity of 17.2(44) was readily obtained from the spectrum gated by the 39-keV γ ray. In addition, the intensity was also estimated by analyzing a decay curve of this doublet. From this analysis, the intensity was found to be 14.8(46) . This was consistent with the value evaluated from the coincidence data. The averaged intensity of 16.1(32) was adopted for the 598-keV γ ray.
Internal conversion electron
A conversion electron spectrum was obtained in an energy range of ∼ 30 keV to 1000 keV. Twenty transitions from the β − decay of 151 Pr were clearly observed, and their internal conversion coefficients were deduced as reported in our previous paper [6] . However, the electron peaks associated with the β Ce have low multipolarities.
Long-lived excited state in
151
Pr
The β-gate efficiency, which is the ratio of counts observed in the β-gated spectrum to those observed in the singles, was deduced for each peak. 
Decay scheme
A new decay scheme of
151
Ce was constructed on the basis of γ-ray energies, intensities, half-lives and coincidence relationships (Fig. 5) . All the levels except for the 35.1-keV level were supported by γ-γ coincidence relations. The 35-keV γ-ray was placed as a transition from a long-lived 35-keV level to the ground state because it was not coincident with any β rays, γ rays and conversion electrons. The energy of the 362.1-keV γ ray was very similar to that of the 362.0-keV level, which was established from 38.9-323.1 and 323.1-40.6 keV γ cascades. Thus, the 362-keV γ ray was placed between the 362-keV and the ground level while no coincidence relation between the 41-and 362-keV γ rays was observed.
Comparison with previous studies
The 84.8-and 118.6-keV γ rays with a half-life of 1.02 (6) Ce [2] . However, these four γ rays were not observed in our studies. Although experimental methods in previous studies were able to determine the atomic number, the identification of the mass number remains ambiguous.
This contrasts strikingly with our experiments using the on-line mass separator. Therefore, a possible explanation for this discrepancy is the assignment of incorrect mass number in the previous studies. Another interpretation is that an unknown isomeric state exists in Pr is the first forbidden non-unique transition. This implies that a log f t value for this β feeding is greater than 5.9 [10] , i.e., the β transition probability is less than 7%. Here, we used the log f table [11] and a Q β value of 5.27 MeV, which was measured with a total absorption BGO spectrometer [12] . Subsequently, the log f t values for excited levels in 151 Pr were evaluated using the β feeding intensities estimated from the γ intensity imbalance for each level. It should be noted here that β transition intensities are not determined explicitly. This is because multipolarities of γ rays, that is, the total intensities of the γ rays are unknown. Thus, in this evaluation, various multipolarities, 1 ≤ l ≤ 2, were assumed for γ rays in order to estimate the internal conversion coefficients [13] , i.e., the total γ transition probabilities. As expected, the log f t values Pr was identified at 35.1 keV. From the log f t value and empirical rules, the spin and parity of (7/2 + ) were tentatively assigned to this level. Table 1 Gamma-and X-rays assigned to the β − decay of 151 Ce and their coincidence relations. A half-life value for each γ ray observed in singles measurements is also presented; A weighted mean of 1.76(6) s was determined from them.
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Energy
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